The distribution of interspersed repeats is nonuniform and conserved in the mouse and human genomes ( 21, 1982 ABSTRACT We investigated the genomic distribution of mouse and human repeated sequences by assessing their relative amounts in the four major components into which these genomes can be resolved by density gradient centrifugation techniques. These components are families of fragments that account for most or all of main-band DNAs, range in dG+dC content from 37% to 49%, and are derived by preparative breakage from long DNA segments (>300 kb) of fairly homogeneous composition, the isochores. The results indicate that the short repeats of the BI family of mouse and of the Alu I family of man are most frequent in the heavy components, whereas the long repeats of the BamHI family of mouse and of the Kpn I family of man are mainly present in the two light components. These results show that the genomic distribution of repeated sequences is nonuniform and conserved in two mammalian species. In addition, we observed that the base composition of two classes of repeats (60% dG+dC for short repeats; 39% dG+dC for long repeats) is correlated with the composition of the major components in which they are embedded. Finally, we obtained evidence that not only the short repeats but also the long repeats are transcribed, these transcripts having been found in mouse poly(A)+ mRNA.
Studies of reassociation kinetics for a variety of eukaryotic DNAs have indicated two types of organization of interspersed repeated sequences-namely, the extremely widespread Xenopus pattern and the rare Drosophila pattern (see ref. 1 for a recent brief review). These studies have been performed on unfractionated DNA preparations, and it is generally assumed that the observed patterns extend throughout the genome. This question can be examined experimentally in the case of DNAs from warm-blooded vertebrates. In fact, we have demonstrated that these DNAs can be fractionated into a characteristic set of three or four major components by preparative density gradient techniques (2) (3) (4) . In the case of mouse, the components have buoyant densities of 1.699, 1.701, 1.704, and 1.708 g/cm3 and represent 22, 34, 26 , and 7% of DNA, respectively; those of human DNAs have densities of 1.698, 1.700, 1.704, and 1.708 g/cm3 and relative amounts of 29, 33, 22 , and 9%, respectively. These major components account for all or nearly all of mainband DNA (excluding satellites and minor components) and are derived by preparative breakage from three or four corresponding families of long DNA segments ofat least 300 kilobases (kb), the isochores, which are fairly homogeneous in base composition and may be responsible for chromosomal banding patterns (5) .
Recently, we have examined the reassociation kinetics of total DNA and of the four major components of mouse and human DNAs. The results showed very significant differences and a high species specificity in the relative amounts of the various kinetic classes-particularly of the interspersed repeated sequences-among the four components (6) . Nonuniformity and species specificity in the distribution of repeated sequences also have been shown in the four major components of the chicken genome (7) .
The recent advances in our knowledge of repeated sequences and the development of specific probes for them (see refs. 8 and 9 for reviews) provide another approach to the study of the distribution of these sequences. Using probes for the BamHI family of long interspersed repeats in mouse, we have found this family to be localized almost entirely in the two light-density components of the mouse genome (10) . We now report the distribution of additional families of interspersed repeated sequences in the mouse and human genomes. The results show that the relative amounts of short repeats (the B1 family of mouse and the Alu I family of man) are highest in the heavy components, whereas long repeats (the BamHI family of mouse and the Kpn I family of man) are mainly present in the light components. Short repeats and long repeats also differ in their dG+dC contents (60% in the first case and 39% in the second) and show a general correlation with the composition of the components in which they occur. Finally, we have obtained evidence that the long repeats from the mouse and human genomes are transcribed.
MATERIALS AND METHODS mRNA Preparation. Livers from fasted 4-to 5-mo-old BALB/ c mice were washed in 50 mM Tris, pH 7.4/25 mM KCI/3 mM MgCl2/1 mM dithiothreitol/250 mM sucrose, ground in a tissue press, and homogenized in 2 vol of buffer with a Dounce homogenizer (Kontes). The homogenate was centrifuged for 10 min at 700 X g, and the nuclear pellet was washed twice. The supernatants were pooled and centrifuged for 10 min. at 17,000 x g, and the resulting postmitochondrial supernatant was treated with Triton X-100 and sodium deoxycholate (final concentrations, 1% and 0.5%, respectively) in the presence of 250 mM KC1. The supernatant was layered on discontinuous sucrose gradients as described (11) (20) , the S value corresponds to a molecular weight of 66 X 106 or 100 kb. The major components of human DNA were preparations already described (5) . In this case, the S value of the starting DNA preparation was 32 S, corresponding to a molecular weight of 22 x 106 or 33 kb. Finally, the chicken DNA preparation used to prepare the major components in which the CR1 repeats were localized (unpublished data) had a sedimentation value of 47 S, corresponding to a molecular weight of 57 x 106 or 86 kb (21) . In all cases, the shape of the sedimentation band was fairly symmetrical, indicating no anomalous size distribution in the DNA sample. After preparative density gradient centrifugation, the isolated DNA components showed S values that were equal or only slightly (about 10%) lower than that of the starting DNA.
DNA and RNA Blot Hybridization. Restriction endonucleases were purchased from New England BioLabs or prepared by L. Mallet and A. Meier in our institute. Restriction digests, DNA transfer to nitrocellulose filters, and hybridization conditions were as described (22, 23) ; final washings of the filters were done at 65°C in 0.2 M NaCI/10 mM sodium phosphate, pH 6.8/1 mM EDTA.
Polyribosomal poly(A)+ mRNA was denatured with glyoxal and fractionated on vertical 1.2% agarose gels as described (24) . RNAs were blotted onto nitrocellulose filters as described (25) . Prehybridization was performed at 42°C in 50% formamide/1 M NaCl/50 mM sodium phosphate, pH 6.8/5 mM EDTA containing sheared denatured salmon sperm DNA at 250 ug/ml, 0.1% NaDodSO4, and 0.2% each of Ficoll, polyvinylpyrrolidone-40, and bovine serum albumin. Hybridization was carried out in the same buffer containing 32P-labeled nick-translated probe (1-5 x 108 cpm/,pg; 1-5 X 105 cpm/ml). Filters were washed at 42°C in 50% formamide/1 M NaCl/50 mM sodium phosphate, pH 6.8/5 mM EDTA/0. 1% NaDodSO4, then in 0.4 M NaCl/20 mM sodium phosphate, pH 6.8/2 mM EDTA/0. 1% NaDodSO4, and lastly in 20 mM NaCl/1 mM sodium phosphate, pH 6.8/0.1 M EDTA/0.1% NaDodSO4. Autoradiography was performed on preflashed Fuji 550, 290, and 390 base pairs (bp) for pMR1, 2, 3, and 4, respectively. The sizes of cloned inserts were larger, 41,000, 720, 870, and 910 bp, respectively, indicating that the starting poly(A)+ polysomal mRNAs contained unique sequences in addition to repeated sequences.
Cross-hybridization experiments between the four plasmids were negative under conditions of relatively high stringency (0.218 M Na' and 650C) (not shown). pMR1 and pMR2 hybridized with pMRB1. 1, a plasmid containing a member of the 4-kb BamHI family (10) , but not with Mm31 and Mm35, two plasmids containing B1 sequences (16) . pMR3 and pMR4 hybridized with 'Mm31 and Mm35, respectively, but not with pMRB1. 1. A more detailed analysis, by hybridization on restriction fragments from plasmids pMRB1.1 and pMRB5 (10) revealed that pMR1 hybridized with both the 0.5-kb and the 4-kb BamHI fragments but showed only a weak hybridization with the 1.3-kb EcoRI fragment. This indicated that the sequence homology included part of the right-hand side of the 0.5-kb BamHI fragment and the left-hand side of the adjacent 4-kb BamHI fragment up to the EcoRI site (Fig. 2B , left broken line). Other clones of the pMR1 group gave no hybridization with the 0.5-kb BamHI fragment and varying intensities with the 1.3-kb EcoRI fragment. In contrast, pMR2 hybridized with the 0.54-kb EcoRI/Kpn I fragment of pMRB1. 1, showing that the sequence homology is located on another part of the 4-kb BamHI fragment (Fig. 2B, right broken line) .
Hybridization patterns of the B1 probes Mm31 and Mm35 on nitrocellulose filters of total DNA and its major components were identical with those obtained with pMR3 and pMR4, respectively. In addition, pMR4 hybridized on filters of the repeated sequence carried by pH-2d-3, a plasmid containing a cDNA coding for a histocompatibility antigen (17) ; this repeated sequence occurs within the 525-bp 3' untranslated region of the mRNA (26, 27) . Hybridization of the four plasmids with mRNAs was very weak in, the case of pMR1 and pMR2 and strong in the case of pMR3 and pMR4; the RNA species, hybridized by pMR3 and .pMR4 were. different (Fig. 3) .
Localization of Human Repeated Sequences. pCaa6-5, a plasmid containing a 2.8-kb Kpn I interspersed repeated sequence from. African green monkey (which also hybridizes to .the. human Kpn I fragments visible after ethidium bromide staining), and Blur 8, a plasmid containing an Alu.I repeat, were hybridized with total human DNA digested with Kpn I or HindIII. pCaa6-5 strongly-hybridized to the-bands visible after ethidium bromide staining and, in addition, gave a strong hybridization smear. Both the bands and the smear were strongest ,on the light components (Fig. 4) . In contrast, Blur 8 gave a hybridization smear which was more intense on nitrocellulose filters of the. heavy components than on filters of the light ones.
In cross-hybridization experiments between species, it was found that neither pCaa6-5 nor Blur 8 hybridized with mouse DNA under the condition of stringency (tm -20TC) used. In contrast, the mouse B1 probes hybridized very weakly-with human DNA, in, particular on nitrocellulose filters of the heavy (33) , some members of this family are also embedded in nonrepeated sequences (34) .
As far as transcription of human and mouse repeated sequences is concerned, the present results confirm the fact that repeats of the B1 family in mouse are transcribed (35) , like the repeats of the human Alu I family (36 liver mRNA (data not shown). The different restriction maps of the cDNA clones are likely to be due to the existence of a wide variety of repeats in the BamHI family and to the fact that the cloned repeats may be only partial copies of the repeats present in the poly(A)+ polyribosomal mRNA, but they also might be explained by different splicings of more similar or identical primary transcripts. Finally, the rather weak transcription detected by hybridizing the pCaa6-5 plasmid with HeLa cell RNA parallels the results obtained with the BamHI family. It should be pointed out, however, that while the latter results may be accounted for by the underrepresentation of repeat transcripts in total HeLa cell RNA, the former are in apparent conflict with our finding of long repeats in one-fourth of all plasmids containing repeats. However, this may be due to a number of factors, such as an underrepresentation of some mRNAs in cDNA clones owing to differences in the secondary structures of mRNAs and an underestimate of the plasmids containing short repeats by the colony hybridization with labeled total mouse DNA.
The main conclusions reached on the basis of the present work can be summarized as follows. Of the two families of interspersed repeated sequences studied here, the long repeats appear to be almost entirely localized in the two light components in mouse. In the case of man they extend to the 1.704 component and can be detected in small amounts even in the 1.708 component. The almost exclusive or predominant localization of long repeats in the light components, which represent together about 60% of mouse and human main-band DNAs, indicates that long repeats must be rare in the chromosomal segments corresponding to the heavy isochores. In contrast, the short repeats increase in relative amounts when going from the lightest to the heaviest components; this distribution is also found for the short-repeat family CR1 of chicken (unpublished data). Because the two heavy components only represent about one-third of main-band DNA in both mouse and man and even less in chicken, the number of short repeats in the light components is still considerable, but their concentration is much lower than in the heavy components. The report of a positive hybridization of the Blur 8 probe with over 90% of the clones from a human genomic library (28) is not in contradiction with our results because the human fragments from the library had an average size of 18 kb and were tested under conditions in which a single Alu I sequence, representing 1.6% of the fragment, could be detected. An important feature of the genomic distribution of both long and short repeats just described is its high conservation in evolution. Such conservation is paralleled by the sequence homology found in the short repeats of mammalian and chicken genomes (31, 32) . It should be stressed that the evolutionary conservation of the genomic distribution of long-and short-repeat families studied here is not seen when the distribution of all interspersed repeats in the major components is investigated by reassociation kinetics (6, 7). The reason for this is that the long-and short-repeat families under consideration vary in relative amounts in the DNAs of different species and are accompanied by other families of repeats as judged from published estimates. Another observation of general interest is that the long and short repeats differ in their base composition, the long ones being lower in dG+dC than the short ones in the different species tested, matching the base compositions of the major components embedding them (Table  1) . Finally, it is very likely that the long repeats are less represented in mouse mature transcripts and in human total transcripts than are the short repeats. The repeat length, the frequency, the genome distribution, the base composition, and the representation in transcripts are a number of important differences between the two main families of repeats of mammalian genomes, for which the names SINES and LINES have been proposed (8) . Further implications of the present results, will be discussed in detail elsewhere.
